Abstract. Doppel (PRND) is a paralogue of the mammalian prion (PRNP) gene. It is abundant in testis and, unlike PRNP, it is expressed at low levels in the adult central nervous system (CNS). Besides, doppel overexpression correlates with some prion-disease pathological features, such as ataxia and death of cerebellar neurons. Recently, ectopic expression of doppel was found in two different tumor types, specifically in glial and haematological cancers. In order to address clinical important issues, PRND mRNA expression was investigated in a panel of 111 astrocytoma tissue samples, histologically classified according to the World Health Organization (WHO) criteria (6 grade I pilocytic astrocytomas, 15 grade II low-grade astrocytomas, 26 grade III anaplastic astrocytomas and 64 grade IV glioblastoma multiforme). Real-time PRND gene expression profiling, after normalisation with GAPDH, revealed large differences between low (WHO I and II) and high grade (III and IV) of malignancy (P<0.001). Extensive differences in PRND gene expression were also found within each grade of malignancy, suggesting that PRND mRNA quantitation might be useful to distinguish astrocytoma subtypes, and important in disease stratification and in the assessment of specific treatment strategies.
Introduction
Astrocytomas are the most common CNS neoplasms (1) and are graded I-IV according to their histological features (2) . Low-grade astrocytomas typically display a long clinical history with relatively benign prognosis, whereas the prognosis of high-grade astrocytomas is devastating (3). However, lowgrade astrocytomas have an inherent tendency to progress toward more malignant forms. This progression has been thought to result from an accumulation of genetic events that leads to the clonal expansion of a malignant cell (4) . Some of these events, such as the inactivation of the p53 tumor suppressor gene in the initial steps of carcinogenesis and amplification of the epidermal growth factor receptor (EGFR) gene in the late stages have been identified (reviewed in ref. 5, 6) . Previous studies have documented patterns of gene expression associated with specific clinical grades of astrocytomas (7) (8) (9) (10) . In addition, malignant astrocytic gliomas either arise de novo (primary) or from the progression of lower-grade astrocytic gliomas (secondary). The most frequent genetic anomalies found in primary astrocytomas are a gain of chromosome 7 and amplification of EGFR, LOH of chromosome 10, and mutation or deletion of PTEN and p16 tumor suppressor genes (11) . Frequent occurrences of mutation of the p53 tumor suppressor gene and alteration of genes involved at specific cell cycle checkpoints have been observed in secondary astrocytoma patients (12) .
Although the cellular origin of CNS tumors remains unclear, it has been suggested that they could derive from an undifferentiated resident blast cell (6) . CNS tumor cells may exhibit a gene expression pattern similar to that of the cells in the course of CNS development. Thus, the identification of such specific genes is valuable in the CNS tumor diagnosis, particularly if they are expressed only in tumors and not in the corresponding adult non-neoplastic tissue (13) . To this regard, the first prion-gene paralogue, doppel (Prnd), has been described in rodents (14) . Subsequently, the doppel gene has been confirmed in man, cattle and sheep (15) . Comparative gene expression analysis has been reported on different patterns of temporal and spatial expression among prion and doppel. Thus, whereas prion protein (PrP) is widely expressed, showing the highest expression profiles within the CNS, doppel shows barely detectable levels in most tissues (16) . Doppel protein (Dpl) was found highly expressed only in adult and fetal testis, and, different groups proposed an involvement in male gametogenesis (reviewed in ref. 17) . Based on the structural similarities between PrP and Dpl, a role of doppel in the development of prion neurodegenerative diseases was hypothesised (18) . Specifically, when ectopically expressed in some Prnp 0/0 transgenic lines, Dpl causes Purkinje cell death and ataxia (14) . However, Dpl-induced neurodegeneration can be rescued by the introduction of a Prnp transgene, suggesting the possibility that the protein interacts or competes with PrP in a sort of molecular antagonismmodel (19) . Further studies were performed to demonstrate a direct involvement of doppel in prion-diseases. From these analyses, doppel seems not to be associated with the diseases, neither if one considers the gene variability and expression (15) , nor if one examines the role of the protein at the pathological lesions (20) . Consequently, the expression of the doppel gene has been investigated in other pathological contexts. Ferrer and collaborators (21) have recently reported a selective Dpl immunoreactivity in dystrophic neuritis in Alzheimer's disease patients. In tumors, the first evidence of a possible implication of Dpl has been recently produced by our group, reporting an aberrant PRND expression in the astrocytic and leukaemic specimens with different malignancy grades (22, 23) .
In this study, we present the results of a data mining algorithm analysis of the PRND gene expression in a panel of astrocytic tumor specimens, performed to determine if PRND gene expression profiling can be used to generate a molecular classification of astrocytomas that potentially stratifies patients with respect to clinical data, such as the tumor grade of malignancy, the recurrence and the anatomical localization of the tumor.
Materials and methods
Tissue samples. A total of 111 patients with malignant astrocytomas were included in this study. All patients underwent surgery at Azienda Ospedaliera -Universitaria of Parma (Parma, Italy) and Azienda Ospedaliera -Universitaria of Verona (Verona, Italy). Tumor samples were evaluated by neuropathologists to confirm the diagnosis and were graded using the World Health Organization (WHO) criteria (2): six tumors were classified as pilocytic astrocytomas (WHO grade I), 15 as low-grade astrocytoma (II), 26 as anaplastic astrocytoma (III) and 64 as glioblastoma multiforme (IV). Among them, the majority (92/111) were primary or de novo tumors; 19 were referred to as secondary tumors. Patient characteristics, i.e. age, gender, tumor anatomical localisation, diagnosis and tumor recurrence are presented in Table I . Immediately after surgery, the samples were snap-frozen and stored at -80˚C until RNA extraction. As a negative control, total RNA from healthy adult human brain, pooled RNA from tissues of 70 trauma patients, purchased from Clontech (Palo Alto, CA), was adopted.
An avidin-biotin immunoperoxidase technique has been used to perform Ki-67 cytoproliferative indexes, using a monoclonal antibody (MIB-1, DakoCytomation, Glostrup, Denmark; dilution 1:80). For the evaluation, tumor areas with a high density of labelling were chosen. In five high power fields, a total of 500 cells were counted excluding the inflammatory and vessel cells. In these cells, the staining for the antigen was evaluated independently from their staining intensity and expressed as a percentage of immunoreactive cells.
Quantitative real-time RT-PCR. Total RNA from homogenised specimens was isolated with Trizol reagent (Invitrogen, Paisley, UK) using the manufacturer's specification and accurately quantified using replicas and serial dilutions by means of the Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE). Table I . Patient characteristics. 
Main clinical data of the analysed glioma patients are reported, such as gender, age, tumor location, WHO grading and recurrence.
-
Five μg of RNA of each sample was reverse-transcribed using the High Capacity cDNA Archive kit (Applera, Foster City, CA) according to the supplier's specifications. Genespecific Taqman Minor Groove Binders (MGB) probe and primers were designed by means of the Primer Express, version 3.1, software (Applera). Primers were designed on adjacent exons of the genes in order to avoid DNA-derived amplicons, as follows: PRND (Genbank accession number NM_012409), forward primer, 5'-ACTCCAGAGAGAGCCAAGGTTCT; reverse, 5'-GCCAGCCACCACCAGCT; probe: 5' 6-FAM-CGATGAGGAAGCACC-MGB; a GAPDH Taqman probe for expression assays was purchased from Applera and used as reference. Real-time PCR was performed on an MJ Opticon II model (MJ Research, Waltham, MA) using 750 ng of RNA for each of the investigated samples. Samples were subjected to 40 amplification cycles of 95˚C for 10 min and 59˚C for 1 min. For each sample, amplifications were performed in 50-μl volumes containing the primers (900 nM each) and the probe (200 nM), 1X Universal PCR Master mix No Amperase UNG (Applera). RNA normalisation was performed using GAPDH as a housekeeping gene, after a selection of appropriate reference genes (GAPDH, ACTB, ß-tubulin, HPRT). The Ct averages of the replicas performed for the genes were determined; then, PRND ΔCt (Ct PRND -Ct GAPDH ) was calculated for each sample. As a validation test, plots of the log RNA dilutions versus ΔCt were made, showing that the amplification efficiencies of the target (PRND) and reference (GAPDH) were similar (slopes: 0.0596 and 0.0605, respectively). These validation experiments enabled the use of the 'ΔΔCt comparative method' (24) for relative quantitation of PRND expression. PRND relative expression (RQ PRND) was given as a result of the Log of the relative expression, using the pooled normal brain healthy cDNAs as an internal calibrator. Astrocytoma samples were analysed in a blind-trail fashion and all experiments were performed in duplicate, with good consistency of the results (mean coefficient of variation was 3.2%).
Statistics. The Orange data mining software (freely distributed under GPL at www.ailab.si/orange) was used to compare the PRND expression in the different tumor categories. In particular, for the nomograms and the hierarchical clustering analyses, a Naive Bayes learner/classifier and an Euclidean distance metric were adopted, respectively. ANOVA one-way and ¯2 analyses with a confidence interval of 95% were used to correlate PRND expression with low versus high tumor grade specimens and within WHO grades of malignancy. Table I shows the clinical characteristics of the 111 patients included in the present study. All patients (63 males and 48 females, ratio 1.3:1) were Italian. Their median age was 50.1 years (range, 6-80 years).
Results

PRND gene expression analysis.
Total RNA was extracted from a panel of 111 astrocytoma specimens, previously histologically classified into WHO grades. RNA of each sample was accurately quantified using the Nanodrop ND-1000 spectrophotometer and 5 μg was retrotranscribed into cDNA molecules. Different housekeeping genes (HPRT, ACTB, GAPDH, ß-tubulin) were assayed for constitutive expression using two replicas of different dilutions of the cDNA samples (10-50 ng). Among them, GAPDH showed lesser variation in expression (standard deviation (sd)=0.03), comparing to HPRT (sd=0.51), ACTB (sd=0.26) and ß-tubulin (sd=1.05). Then, a Taqman MGB probe and gene-specific oligonucleotides were employed in order to amplify adjacent exons of the human PRND gene. cDNA (750 ng) was amplified using two independent replicates. PRND expression values were then normalised using GAPDH, as previously reported (22, 23) . Differently from GAPDH, PRND relative expression (RQ PRND) was highly variable between the astrocytoma specimens, ranging from -0.52 to 6.41 Logs of expression, compared to the healthy brain sample. In particular, in agreement with previous evidence (22) , the highest expression was detected in glioblastoma multiforme (WHO grade IV, RQ PRND=6.41), while the lowest was in pilocytic astrocytomas (WHO grade I, RQ PRND=-0.52) and in healthy control total brain samples (RQ PRND=0). As reported in the parallel coordinates analysis (Fig. 1) , low grades (WHO I and II) and negative control samples showed a different and statistically significant distribution compared to the high grades (WHO III and IV), according to PRND RQ values (P<0.001, ANOVA one-way). In the same graphical representation, the recurrence (primary or secondary) of the tumor specimens was reported, indicating that secondary type (19/111, 17.1% of total cases) occurred mainly in WHO grades III (8/19, 42.1%) and IV (9/19, 47.4%) and, noticeably, in two pilocytic astrocytoma WHO grade I specimens (2/19, 10.5%).
PRND relative expression was next subjected to a Naive Bayesian Nomogram analysis (25) . In this analysis, reported in Fig. 2 , RQ PRND values and probability plots were compared within the different WHO malignancy grades of the specimens. PRND expression profiles of the WHO I and II specimens were nearly monotonic and congruent, with higher scores (total points) in correspondence to low PRND expression; in contrast, PRND expression profiles within WHO III and IV specimens exhibited some differences, showing a monotonic-like trend for WHO grade IV and a more complex PRND expression curve for grade III samples. In order to better differentiate the specimens according to their grades of malignancy, a Scatterplot analysis was performed, adopting three specific intervals of PRND expression (Fig. 3 ): these intervals, as reported in Table II , better differentiate the specimens into their WHO grades of malignancy. According to this analysis, pilocytic astrocytoma specimens mainly exhibited low PRND expression values (5/6, 83.3% of grade I cases), while glioblastoma multiforme specimens had mainly high PRND expression (40/64, 62.5%); grade II and III samples mainly showed medium PRND expression (9/15, 60.1%; and 18/26, 69.2%, respectively). In particular, the distribution of grade III was significantly different compared to grade IV specimens (P<0.001, ¯2 test).
We then performed hierarchical clustering, a standard unsupervised learning method (26) of the tumor specimens. The main clinical information, such as the anatomical localization, age, gender, WHO grading, cytoproliferative index and tumor recurrence, were simultaneously compared to the PRND expression values, in order to identify homogeneous clusters. As reported in the dendrogram of Fig. 4 , different groups of samples were created, according to the above mentioned criteria. The samples were roughly subdivided into their WHO grades of malignancy. The negative control sample was clustered with a cerebellar pilocytic astrocytoma specimen and this cluster was related to the low-grade specimens, as well as with anaplastic astrocytoma specimens expressing medium levels of PRND transcripts. Secondary-derived tumors were separated from primary; in particular, the two recurrent grade I samples were clustered together (indicated at the bottom of Fig. 4) , showing very similar PRND expression values (RQ PRND=1.54 and 1.86, respectively), but having different anatomical localization (frontal cortex and thalamus). In the dendrogram with the primary-derived specimens, in correspondence to the most represented anatomical areas, i.e. frontal (n=31) and temporal cortex (n=28), three different subsets of the specimens were identified. In particular, within the frontal cluster, two subsets were highlighted: the former, subset A in Fig. 4 (27, 28) . As expected, the gender and age of the patients provided no additional information to the classifying tree (data not shown).
Discussion
The new challenge in cancer biology is to move from purely morphological classification of tumors to one that is based on the integration of histological and molecular criteria (29) . Particularly, in the light of the development of new pharmacological treatments, the identification of patient subsets with specific molecular signatures within tumor malignancy grades is becoming more and more relevant (29) . In addition, molecular classification studies are likely to identify novel, clinically-relevant astrocytoma subsets that warrant additional detailed investigation (30) (31) (32) .
In particular, our laboratory has previously identified a novel promising glioma marker, the doppel gene (PRND), which is overexpressed in high malignant astrocytomas, compared with normal brain tissue, showing barely detectable levels (22) . To approach some of the molecular reappraisal goals in astrocytoma classification, we measured by real-time PCR the PRND mRNA levels in tumor specimens from a large cohort of 111 patients with malignant astrocytomas, histologically classified according to the WHO criteria. Firstly, an accurate RNA quantitation was performed using replicas and serial dilutions with a high sensitive Nanodrop ND-1000 spectrophotometric instrument, designed for measuring nucleic acid concentrations in sample volumes of 1-2 microliters: this was particularly important in the case of some pilocytic astrocytoma specimens, where the bioptical resections were particularly reduced. Then, a comparison of the expression of housekeeping gene transcripts such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ß-actin (ACTB), ß-tubulin and hypoxantine phosphoribosyltransferase (HRPT) was performed. As a result, GAPDH expression appeared nearly constant, compared with the other genes. Additionally, the less variable GAPDH expression levels were in accordance with previous real-time PCR analysis on tumor-derived specimens (22, 23) .
A quantitative relative real-time analysis of PRND expression, using a normal brain control (cDNA pooled from brains of 70 non-tumoral adults) showed a progressive increase in the PRND detection rate with increasing grade of astrocytoma malignancy. These data are in agreement with our previously reported data in astrocytomas (22) , as well as in different tumors, such as those of haematologic origin (23) . The level of PRND mRNA estimated with real-time RT-PCR procedure is the average amount of transcripts in a whole tumor sample and mainly depends on the number of PRND-positive cells present in the tumor tissue. To this regard, ONCOLOGY REPORTS 17: 989-996, 2007 Table II. Relative PRND expression intervals and WHO grading. -
studies of PRND mRNA in situ hybridization (33) and Dpl immunohistochemistry (22) have been performed, indicating that within the tumor area, the astrocytic neoplastic cells mainly exhibited increase in PRND expression. However, the reasons for doppel mRNA overexpression in astrocytic tumor cells are unknown. Unfortunately, very little is known, at present, about the physiological functions of the doppel gene; even less information is available about its possible pathological role. To this regard, the up-regulation of astrocyte-specific genes in prion-deficient mice, ectopically expressing doppel, has suggested that doppel was actively involved in glial cell activation in the brain (34). A third temporal-localised grade IV subset (C) with medium/high PRND expression and high cytoproliferative indexes is reported. The healthy brain control (C) is indicated with an arrow. Tumor recurrence is indicated by P (primary) or S (secondary).
* Two previously identified low-grade astrocytoma specimens, classified as mixed oligoastrocytomas after histologic re-examination. ** Two recurrent grade I samples, described in the text.
In the examined cohort of astrocytoma patients, PRND showed two opposite monotonic-like expression profiles in correspondence to low-grade astrocytomas (WHO I and II) and glioblastoma multiforme (WHO IV), as evidenced in the nomogram analysis. In contrast, the PRND expression profile in anaplastic astrocytoma (WHO III) shared some of the previously indicated profiles, suggesting a sort of transition of PRND expression between low and high grades of malignancy. These results reinforced the concept that anaplastic astrocytomas are intermediate-grade tumors, showing detectable mitotic activity (absent in low-grade astrocytomas) but not necrosis and prominent vascular proliferation, characteristic of glioblastoma multiforme (3, 12) . The distribution of the specimens according to their levels of PRND expression, as exemplified in the analysis, did not suggest per se an exact subdivision into the different four grades of astrocytoma malignancy; however, low-and highgrade astrocytomas were clearly differentiated (P<0.001). Noticeably, in the case of high-grade astrocytomas, PRND expression may represent an additional diagnostic indicator for grade III/IV uncertain classification. The PRND gene expression profiling was also used to identify novel subsets of astrocytomas, using a combination of unsupervised and supervised algorithms. We have identified different subsets, biologically and clinically different, in terms of recurrence, malignancy, cellular proliferation and anatomical localization of the tumor. Globally, there are limitations to the present study; in particular, the use of supervised approaches, based on the assumption that the grouping (i.e. the histological tumor diagnoses) is correct, may not be a valid assumption for all the clinical cases examined. In particular, it was evident that astrocytoma patients formed continuous PRND expression, also some low-grade specimens were located near to the glioblastoma multiforme clusters. In these cases, for example, the review of the clinical data upon histologic re-examination, for two histologically classified grade II specimens, located in the frontal cluster of the PRND expression dendrogram, showed morphological features suggestive of possible astrocytic differentiation into mixed oligoastrocytomas. Therefore, it is possible that the differentiation processes that accomplished these cellular transformations could in part support the relatively high PRND expression values (RQ PRND=3.4O and 2.68, respectively). Globally, the hierarchically clustering analysis showed that tumor classification based even on a single-gene quantitation could generate a patient stratification that could be clinically relevant and more informative than a single conventional histological classification.
In conclusion, our findings suggest that the level of PRND mRNA may be used as an indicator of enhanced astrocytoma malignancy. More comprehensive gene-expression models, joining PRND profiles with other tumor-markers, may therefore complement histology and help to refine a finer tumor grading and classification.
